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ABSTRACT 

During the second year of this program we have extended our 
slab glass' performance studies and have demonstrated 18 J of output 
at 2 Hz with 2.3% wall plug efficiency. Our goal is to achieve 10 J 
per pulse at 10 Hz and 3% wall plug efficiency during the next annual 
period. 

we have extended the slab concept to Md:YAG and to Nd:GGG. 

To date ovei: 30 W of cw output power at 2% efficiency has been generated 
in slab NdLLAG. Oe have invented a multi-plexed slab Nd:YAG pre-amplifier 
and plan to verify its performance during the next program period. We 
have demonstrated a Md:YAC oscillator with 100 kHz linewidtii for eventual 


use In wind velocity measurements. 
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Robert L. Byer 

I. INTRODUCTION 

A. Progress in Slab Geometry Laser Sources 

During the past year we have made rapid progress in slab glass 

and slab Nd:YAG laser source development. We have achieved operation of 

high doped Nd:Glass with 18J output at 2Uz with 3% wall plug efficiency 

1 2 

in long pulse mode operation. ’ We expect to generate up to 15J at 5Hz 

with 2.5% efficiency by the end of this program period. 

3 

Our conduction cooling approach has enabled us to design high average 

power slab glas.s laser sources. Recent design improvements using transverse 

oriented flashlamps should lead to improved pumping uniformity and efficiency. 

4 

To date we. have generated SOW at 2% efficiency from slab Nd:Y.AG. 

With new power supplies we expect to demonstrate over 200W of average pov.7er 
at 2% efficiency. 

Our research has led to a better understanding of slab geometry laser 
design. In addition, we have identified the amplification of low power 
narrow linev/idth Nd:YAG as the key technical issue in proposed wind measurement 
We have invented a multiplexed slab amplifier to achieve the amplification 
in a very efficient manner.^ 

5. Single Frequency Nd:YAG for Remote Wind Measurements 
During the. past year we demonstrated single axial mode operation of 
Nd:Y.-\G with 100 kHz linewidth.'^ We. propose to extend our studies to diode 
laser pumped Nd;Y.\G as a very narrow linewidth cw local oscillator source. 



This diode pumped l.ocal os.cillacor v/ill. be followed by the spatially 
multiplexed Md:YAG slab amplifier to provide the output energy required 
for remote sensing of wind. 

II. SUMMARY OF RESEARCH PROGRESS 

A.. Slab Geometry Nd '.Glass Laser Research 

Our work on slab Nd:,Glass development is outlined in Table I. 

Previously, we have demonstrated the ability to tune the Nd:Glass laser 
and the ability to frequency shift the Nd:Glass laser by harmonic generation 
and by stimulated Raman processes. Our recent work, therefore, has 
concentrated on methods of improving the Md -.Glass slab performance. 

Table I outlines the progress we have made along this line. 

Our initial work to demonstrate the slab laser performance was 
conducted in. a test-bed laser con, strutted in 1981. The test-bed laser has 
allowed us to operate at up to 10 joules of output energy at 2^ Hz repetition 
rate with 1.6% efficiency. The test-bed laser was succeeded by a laser- 
using higher doped phosphate glass which has operated at up to 18 joules 
per pulse at 2 Hz repetition rate or 36 v;atts of average power. An important 
feature of the se.cond generation slab laser is its use of helium gas as th.s 
coolant in place of fluids. 

We. have proceeded to extend the research of the helium conduction cooled 
slab glass laser in our current Nd:Glass slab which uses a slab 30 centimeters 
long by 4.5 centimeters wide by .65 centimeters thick of 8% doped phosphate 
Nd;Glass. This laser, v/hich is called Che 'SAAVIC' laser is our current 
slab laser device for research studies. The SAtU’IC laser has, to -date, 
operated at 15 joules per pulse at 5 Hz repetition race or 75 watts of 
average power at an efficiency of 1.5%. K'e 'nave pumped Che SAtWTC laser 
with both longitudinal r.'lashlamps and recently v,?ith transverse flashlainps. 





Dace 


Occober 


October 


June 


December 


TABLE I . . 

Slab Laser Demonstrated and P’-ojecCed Performance 
Stanford University 


Nd :Glass 


1981 


Lase r Syste m 

15c.ti X 2.5cm x .83cm 
3% doped phosphate glass 
fluid cooled test-bed laser 


Performance 


10 J 2.5Hz 1% efficiency 
25W average power 


1982 15cm x 2.5cm x .65cm 

8% doped phosphate glass 
helium conduction cooled 


18J 2Hz 2.3% efficiency 
36W average power 


1983 30cm x 4cm x .65cm 15J 5Hz 1.5% efficiency 

8% doped phsophace glass 75W average power 

helium conduction cooled 
longitudinal flashlamps 


1983 30cm x 4cm x .65cm • lOJ lOHz 3% efficiency 

8% doped phosphate glass lOOW average pov;er 

helium conduction cooled 
transverse flashlaraps 




Table I cone. 


Date 

August 

November 

December 


Laser S vs tern 


1982 10cm X .8cm x .4cm 

Nd:YAG 

cw lamp pumped (4kW) 


1983 10cm X .8cm x .4cm 

Nd;YAG 

cw lamp pumped (lOkW) 


1983 10cm X .8cm x .4cm 

Nd;Y.-\G 

multiplexed slab amplifier 


Perfor m ance 
SOW cw 2% efficiency 

200W cw 27, efficiency 

30mJ at SOFfz 
TEMqo mode, single 
axial mode 



flashlamps because of 


We prefer to putnp the SAiWIC baser with transverse 
Che more uniform pumping achieved and because of, the lower voltage required 
to drive Che system. We plan to operate the SAAVIC laser as an oscillator/ 
amplifier later in Che year. The design goal for that system is a Md:Glass 
laser with a 10 joule per pulse energy operating at 10 Hz repetition rate or 
100 watts average power. 

The SAAVIC NdiGlass slab laser is also useful for amplifying Hd;YAG 
laser radiation. We plan, durirrg the coming year, to test the performance 
of the Md; slab amplifier with a Hd:YAG input source. Our design calculations 
show that it is possible to generate up to 6 joules per pulse at 10 Hz 
repetition rate using the SAAVIC as an amplifier following Che .Md:YAG laser 
source. Questions that need to be answered in this YAG:Glass oscillator/ 
amplifier combination are the gain at 1.06A micrometers in the neodimium 
phosphate glass and concern for superf luorescnece gain limitations in the 
slab amplifier. 

In summary, progress chat we have made during the last year in the 
slab glass program include the engineering and the design of the slab glass 
laser head, the purchase and operation of Che 20 kilowatt power supplies 
required to drive the laser source, the invention and demonstration of helium 
gas conduction cooling in the slab laser, engineering and finally the operation 
of the glass laser to the performance levels listed in Table I. 

B. Slab Geometry Nd:YAG Laser Research 

K Sl ab geometry N’ d:YAG studies . Tab].e I also summarizes Che progress 

we have made in applying the slab geometry concept Co the Xd:YAG laser. Our 
first >!d:Y.AC slab laser was constructed using a conventional, commercial c.w 
N'd:YA.G iiousing. That laser demonstrated output power of 80 watts cw at 2% 
efficiency. The threshold and efficiency were very nearly the same for Che 



as the rod for which the. slab substituted. However, the thermal 
distortion was significantly less for the slab than for the rod. The 
thermal focusing was l/6th as strong as for the slab as for the rod and 
the thermal depolarization was less than IZ of that for the rod. We have 
submitted a letter to the I.E.E.E'; Journal of Quantum Electronics describing 
this v;ork, (see Appendix III) . 

The ,Md:Y.\G slab lasers that have been built so far have had a ■ 

rectangular cross-section with a width twice their thickness. This is 

necessary to avoid distortion near the slab edges which is not cancelled 

by simply using the slab geometry. We have shown theoretically chat this 

distortion can be completely eliminated if the laser polarization, the angle 

of propagation through the slab and the orientation of the crystal axis are 

chosen correctly. This v;ould make possible slabs of square cross-section 

with the same advantages as the current rectangular slabs. However, it would 

save considerably in the Wd:YAG material costs and also give better pumping 

efficiency for TEM mode operation. We plan to carry out experiments to 
00 : ' 

verify the theory in the coming year. 

We iiave also calculated the dependence of the transmitted wave flatness 
on the optical figure of the slab surfaces. This makes it possible for us to 
calculate the fabrication tolerances required for slab lasers. The most 
critical tolerance is the flatness of the total reflection surface in the 
direction perpendicular to the propagation direction of the beam. Early slabs 
had significant focusing power at zero input pump power because of the 
fabrication tolerances. We now have the capability of fabricating 
lasers within the flatness tolerances required. 


- 6 - 


slab Y.AG 



During the past year we have applied a computer model of the slab 
geometry laser to predict the thermal effects of the slab crystalline laser. 
The model allows us to predict the effedts of orientation with respect to 
the crystalline sxis of slab medium. The relationship between stress and 
changes in the index of refractiorl through the elasto-optic tensor for 
Nd:YAG is highly anisotropic so the choice of crystalline orientation is 
quite significant. To minimize de-polarlzation it is desireable to have 
the 112 axis of the crystal perpendicular to the plane of the zig-zag path. 
.At fairly high pump powers Che de-polarization in the wrong orientation can 
exceed that of the correct orientation by a factor of 3 according to our 
computer model. We have also derived crystalline orientation conditions 
for Che propagation without de-polarization through a zig-zag slab made of 
uniaxial or biaxial crystalline material. The condition is that one of Che 
eigenvectors of Che dielectric tensor must be perpendicular to Che plane 
of Che zig-zag path. We propose to initiate an experimental verification 
of Che slab orientation using Wd;YLF material since the output of the 
Nd:YLF crystal matches chat of the Md:Glass amplifier that could be used for 
more ei.ficient output energy. 

2. Des i gn and fabricat i on of a multiple.xed slab am plifier . The 
remote wind velocity measurement system which is envisioned will consist of 
a stable cw oscillator operating at about 0.1 watt. The transmitted pulses 
will be 1 microsecond, 100 kilowatt pulses. Thus an amplifier gain of one' 
million is needed. Flash pumped Nd:YAG amplifiers can have gains as high 
as 100 per pass. Thus we need a minimum of three passes. The slab geometry 
creates the opportunity cor many passes through the same piece of material 
while easily, separatinc, the beams outside the slab. Paths through the slab 
with difference numbers of total intern-il reflections propag.ate at different 



angl:ss oucside Che slab, for simple gaomeCrxc reasons. Thus a slab laser 
head accessable from many angles is desirable, 've. have designed and are 
building such a laser head. 

3. De sign of diode laser p uinoed sin gle freque nc y Nd:YAG local oscill ator. 

The key component of cur wind veloclcy measuring system is a single 
mode,, frequency stable f!d:YAG laser. We built a flash pumped quasi--cw version 
which showed stability of about 100 kilohertz for 5 msec which is more than 
adequate remote wind velocity measurements for a time delay corresponding to 
a 800 km altitude of an orbiting satellite.^ (See Appendix I). We used thi.s 
laser to measure the speed of a spinning wheel in the laboratory by observing 
the Doppler shift of the light reflected from a rotating wheel. The reflected 
light was interfered V7ich a beam delayed 6 microseconds by passage through an 
optical fiber. .Accurate measurements were possible, demonstrating the 
stability or the laser at least for the moderate time delay involved. .'Jote 
that the 100 kHz frequency stability corresponds to a wind velocity of j.O ,cra/sec 
at 1.06 ym. 

Recently we have extended the concept of the cw local Nd:YAG o.scilla(:or 
to a cw dye laser pumped YAG oscillator. In this case we used an argon 
pumped dye, laser as a replacement for a small diode laser. The dye laser 
pumped Nd:YAG orcillator consists of a 6 millimeter long YAG crystal, 

2 millimeters in diameter. This small YAG crystal is co-axially pumped by 
the dye laser. It has an optical resonator fabricated on the end of the 
YAG crystal which is coated with dielectric, coatings. We have demon.strated 
that this small monolithic Y.\G oscillator has a threshold pump power of 
15 milliwatts .and 'nas operated -at an output power up to 3 milliwatts sinq.le 
axial mode. Recently we have constructed two N'dYAG oscillators, pumped by 



r.he same dye laser source. Opcical beer, experimenrs berveen these independent 
YAG oscillators has sho^TX char they nave a tree nunning linewidth of 200 
kilohertz in a 1 second integration period. The in.stanc.aneous linewidch 
of these Y.AG oscillators has been showi to be on the order of 2 '■•ilohertz. 

The e-TOerlment was very preliminairy in that the NdtYAG oscillators wore 
mounted on an open Cable and no care was taken to isolate them from the 
acoustic environment. 

We are now designing a small diode pumped laser. It will be strictly 
cw, thus eliminating problems with transients and with chirp caused by Che 
heating of the laser rod. The diode pumping results in a minimum of waste 
heat, allowing for conduction cooling and elimination of vibrations can ad 
by the water coolant. The output from the diode is also more stable than 
Che lamp it replaces. For all these reasons, diode pumping is desirable. 

The diode pumped Wd;YAG laser will make use of a number of novel 
design features. The entire re.sonator will consist of one crystal with the 
mirrors being the facets of the crystals. Thus resonator instability due 
to mirror motion will be greatly reduced. Single mode operation will be 
insured by building the laser as a ring laser, with ? permanent magnet ‘c 
field creating a preferred direction for lasing. The ring laser also provides 
isolation against light reflected back into the laser, a critical factor 
when designing for stability in operation. Excellent open loop frequency 
stability is expected. We have obtained a 50 :.iW diode laser from Xerox 
for these experiments. 

4. Desi gn scudie s fo r diode a rray p umpe d M d .‘YAG s la b _ geot.et r y'_l a sera . 
The use of laser transmitters for remote sensing from hi.gh altitude aircraft 
or from space platforms places strict design rule.s on the laser source, 
tree-flying satellite based LID.AR, the laser transmitter must operate at 
greater chan 2 - 5X overall efficie.ncv for lif.etiinGS approaching 3 - 5 ye.ar 


!■ or 



These goals can be niec by an all solid state laser transr.iiccer . h'e 
propose to carry out preliminary system design calculations tor a 
GaAiAs diode array pumped slab geometry Nd:VAG laser source. The goal 
of Che study is to derive desig*. rules to aid in predicting diode array 
pumped Nd:YAG performance charactearistics . Experimental studies of diode 
array pumped Nd:Y.\G concept should be possible in our laboratory u.sing 
diode arrays supplied by the Xerox Palo Alto Research Center. Our pre- 
liminary analysis has shown chat diode array pumped Nd:YAG is capable of 
operating at efficiencies as high as 15%. The principle technical risk is 
the design construction and cooling of the diode arrays used for pumping, 
Che Xd:YAG source. 


C. Solid State Tunable Sources 

The two classes of solid state tunable sources are laser based devices 

and parametric based devices. Examples on Che former include F-center lasers. 

S 9 

transition metal ion lasers ’ and doped oxide and fluoride crystalline lasers. 

Examples of the later include N'dtY.'lG pumped LiNbO^ parametric oscillator^^ ’ 

12 

and the recently demonstrated AgGaS 2 parametric oscillator with a potential 
tuning range from 1.3-12 am in the infrared. 

The F-center laser devices have the pocencia], to tune over Che near 
infrared region from .3 pm to beyond 3 bm. However, cryogenic operation is 
required. Furthermore, each crystal tunes over a narrow region limited by 
the gain bandwidth product of the laser transition.^ 

■A.n alternative to Che F-center laser is the transition metal ion laser 
such as Hi MgF., and Co developed by Moulton of Lincoln Laboratories. 

These devices are laser pumped and tune over Che 1.6 -2.1 pm range. They also 
require cryogenic cooling. The. low gain cross-section of Che phonon assisced 


1 


L tc; 




cransition nier.ai ion lasers leads co cscillaior ooeration in TEH mode, and 

00 

Co low pulse energy oucpuc. The low gain a. :o prevencs amplifier operation 
to increase the output level. 

Frequency entension of the Co HgF^ laser is possible by harmonic 
generation in LiHbO^ and by parametric oscillation in AgGaSe^ • We plan to 
cooperate with Peter Moulton in the application of AgGaSe,^ to infrared 
generation by OPO using the Co MgF, purap laser. 

Recent work by Huber in Germany has identified Cr :GScGG as a 
tunable source in the .7 -.8 ur.< region. This tunable Carnet crystal host 
laser is similar to the .llexandrite laser introduced by '.falling. ^ However, 
the Garnet host material offers flexibility in the crystal parameters and 
ease of growth not available in Alexandrite. The tuning range of the 
GdScGaG laser extends from .7 ~ .3 urn. The laser operates at room 
temperature and can be flashlamp pumped or laser pumped by the second harmonic 
of Nd;YAG. , 

The Cr"*~^' doped oxide, crystals offer a new approach to an all 
solid state tunable source. The primary tuning range can be extended 
by harmonic generation and by mixing toxvard both the ultraviolet and the 
infrared. 

Three groups in the United States are now studying the Garnet crystals. 
Crystals are being gro\m unde, support by Lincoln Laboratory and Lawrence 
Livermore .'.'ational Laboratory. We expect sample crystals to be available 
soon for optical pumping studies. 

Recently Ti ' x«s introduced by Moulton, as a d-level laser 

transition that is also tunable in the .73 -.33 um range."' This laser ofrers 
the possibility ot tunable output 3g.airi by laser pumping at the second 
harmonic of '.'d:VAG. .\c Stanford ',.’e have in.itiaced grexteh .stuci.es of 

Ti A.i.,0., using our fiber gro'oth ann.'ira cus . Our go.al .is to sfod" t:..t 



The above tunable sources otter tuning capabi.lity over a L500 cai 
tuning range in the near infrared. Frequency estension by harmonic 
generation and by mixing is possible using well developed nonlinear 
crystals such as KDP and LiXbO^. For example, LiNbO^ allows extension 
to 4 urn in the infrared. 

Future frequency extension in AgGaS^ is possible to 12 um. This 
chalcopyrita crystal is being grown at Stanford University under partial 
support by N.A.S..-\. 

Thus an all solid state tunable source is possible to design using 
well known N'd;YAG technology as Che primary pump laser. Frequency extension 
involves the user of new tunable solid state laser sources coupled with 
frequency extension in nonlinear crystal.?.. 

m. CONCLUSION 

The current ressrach efforts in the Byer group are focused on laser 
development and tunable source development with applications to remote 
sensing. The laser research and development effort in Che past led to 
the concept and development of the unstable resonator Nd:YAG. The Nd:YAG 
unstable resonator source has now become a primary research tool in tunable 
laser applications and in particular, in remote sensing. Our current research 
efforts focus on the slab geometry lasers and the improved performance- 
allowed by the slab geometry. Our research to date demonstrates that 
slab geometry lasers should allow an order of magnitude improvement in 
the average power in pulse energy available from solid state laser sources. 

The improvemenc is significanc in Chat it would permit remote sensing 
measurements that herecofcre have not been possible to achieve. For many 
remote measurements frequency tuning or conversion of frequency tunable 
sources to new wavelengtii r.anges is es.sential. .-\n important part of our 


12 



on-going research effort is the investigation of tunable solid state 
laser sources or tunability through parametric oscillator devices, 'le 
have made significant advances during the past year in the growth of 
AgCaS, and AgGafie,^ crystals for use inpararnetric devices in the infrared 
spectral range. I'hese chaicopyrite crystals also phasematch for second, 
third, and fourth harmonic generation of CO^ lasers and can allow frequency 
extension of CO2 TE.A lasers to the near infrared spectral range. 

We expect to continue our research in slab geometry lasers with 
emphasis on improved efficiency, reliability and efficient frequency- 
extension at high average power levels. We also expect to extend our slab 
geometry studies to new laser materials, such as the tunable transitions 
of chromium in the Gadolinium Gallium Garnet (GGG) crystal host structures. 

N..A.S.A. research support has allowed us to take improved laser 
technology and apply it to ramote sensing. The measurement of wind using 
Nd:Y.AG technology is an example of this process. We intend to continue our 
efforts in laser development for applications to remote sensing. 
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APPEND IX A 


Submegahertz frequency-stabilized NdiYAG oscillator 


Y. L. Sun* and Roi^ert L. Byer 

OF POOR QUALITY Applied Physics Department. Stanford University. Stanford. California 9-J305 


Received Msy 7 , 1902 

We have demonstrrued a 5-msec, quasi-cw lO-Hz repctitioii-iate pulsed, single-frequency Nd:YAG oscillator with 
a feedback-stabilized frequency bandwidth of Icss-dian kHz, 


Frequency-stabilized, single-mode NdiYAG is poten- 
tially a useful laser source for high-resolution sub- 
Doppler nonlinear spectroscopy^ and for atmospheric 
wind-velocity measurements by coherent lidar Doppler 
velocimetry.’*'^ The remote wind measurements require 
a laser source with less than 1-MHz linewidth and a 1,-J, 
1-Msec -duration transmitted pulse. A local oscillator 
with a 1-mW, 5-msec duration pulse for heterodyne 
detection of the return signal at up to a 700- km mea- 
surement range is also needed for eventual satellite- 
based global wind measurements. D'-iring the past year 
we have pursued the design of a sin,gle-a.Ki'al-m,ode 
Nd;Y.AG oscillator with the goal of achieving sub- 
megahertz frequency stability for applications to non- 
linear spectroscopy and remote wind-velocity mea- 
surements. 

Early work on single-frequency NdrY.AG demon- 
strated that cw lamp- pumped oscillators could be op- 
erated in a stable single a.xial mode.''-'’ Typically, 
measured frequency stabilities were rfc.30 MHz at the 
lOO-OOO-mW cw output-power level. Recent work 
concentrated on obtaining single-axial-mode output 
from Q-switched oscillators pumped by pulsed dash- 
lamp excitation.*^® Reasonably stable single-axial- 
mode selection was demonstrated, but long-term sta- 
ble- mode selection proved difficult to achieve. 

The use of injection locking*® led to stable singie- 
axial-mode operation of the high-power unstable-res- 
onator Nd:YAG source.'* However, the 10-nsec, Q- 
switched pulse length limited the injected oscillator 
bandwidth at 1.064 am to 50 .MHz. .Measurements 
showed, however, that the master oscillator with a 4- 
asec-duration pulse operated with a frequency chirp 
that was less than the 9-. MHz resolution of the inter- 
ferometric wavelength analyzer. Thus there was a 
possibility that linewidths of less than 1 MHz could be 
achieved in a properly designed osciilator. 

VVe have designed and constructed a quasi-cw flash- 
lamp-purnped. short-cavity TE.Moo-mod'e N'd:Y.-'iG 
oscillator. Figure 1 is a sciiematic drawing of the os- 
cillator. which has a physical cavity length of S cm.. The 
3.0-cm-long :)-mm-diameter ,Nd;Y.-\G rod and the in- 
ternal l-cm-long LiNbO) phase modulator result in a 
cavity optical length of 12 cm and an axi.al mode spacing 
of 1.25 (jHz. .-k single axial mode is selected svith a 2- 
mm-thick. finesse-of-seven, solid fu.sed-silica tilted 


etalon. The resonator length is controlled by a piezo- 
electric-crysial-driven mirror and by the internal 
LiNbO ,9 modulator. The laser output beam is well 
polarized because of the presence of the Brewster plate 
or, when that is removed- because of the difference in 
the optical quality for waves with ordinary (high-qual- 
ity) and extraordinary (low-quality) polarization in the 
LiNbOs crystal. Spatial hole burning is eliminated by 
two quarter-wave plates placed at each end of the 
NdiY.AG rod.'- The entire laser structure is tempera- 
ture stabilized by temperature-controlled circulating 
water. 

The quasi-cw lamp operation using a krypton-arc 
lamp was chosen to avoid the power instabilities in- 
herent in tungsten-larnp pumping. Quasi-cw operation 
also reduced the required average lamp power from 1000 
to only 60 VV. This in turn significantly reduced the 
thermal loading on the Nd:YAG rod, thus giving im- 
proved laser stability. At the beginning of each qua- 
si-cw pulse, the laser spikes. The spiking pulses decay 
exponentially in 250 /rsec to a constant 100-mW cv/ laser 
output. 

The tlashlamp is simmered and pulsed for 5 msec at 
a 10- Hz repetition rate. The flashlamp current must 
be increased during the pulse to maintain constant 
laser-output power, as was noted by Kuizenga.'" 



Fig. 1. Schematic of the single-axinl-mode NdiYAG oscil- 
lator .showing resonator mirrors il. 9). Nci:Y.-\G rod (4), 
quarter-wave plale.s(2, o). ilashlamo C'l), Brewster polarizer 
i6). otalon iV), LiNbOi phase modulator l8), piezoelectric 
stack 1 10). and Invar resonator spacers til). 
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Fig. 2. (a) Upper trace is the 1.06-Mni signal transmitted by 

the 10-cm contocal interferometer as a function of time 
showing the chirp. The lower trace is the laser output versus 
time, (b) Upper trace is the 1.06-Mm signal transmitted by 
the 10-cm confocal interferometer with chirp compensation. 
The amplitude fluctuations indicate residual frequency noise. 
The lower trace is the voltage applied to the piezoelectric stack 
versus time showing the initial steep-search voltage ramp 
follovted by the chirp-compensation ramp of 2 V/msec. 


terlXTometer peak at the beginning of each laser pulse. 
The ;;e.arch process involves backstepping the voltage 
on the piezoelectric stack at the end of a pulse and ini- 
tiating a ramp at the beginning of the next pulse [shown 
in the lower trace of Fig. 2(b)). The rarnp sweeps the 
wavelength until the detector sense.s the laser signal 
transmitted by the interferometer. The piezoelectric 
voltage is then switched to the chirp-compensation 
ramp voltage to compensate for the chirp during the rest 
of the pulse period. 

A .second wide- bandwidth feedback loop monitors the 
power transmitted through the confocal interferometer 
and provides feedback to the LiNbOs phase modulator. 
This loop locks the laser wavelength to the side of the 
interferometer peak. For open-loop operation with 
search and chirp compensation, the laser-frequency 
deviation, shown in Fig. 4(a), is about 15 MHz. 


;gn«0C4i. 

•« viU* «tCivv<Lro-i -Ml.a'0* 



Fig. 3. Laser-frequency-stabilization schematic shovdng the 
search and chirp-compensation loop and the wide-bandwidth 
locking loop using the LiNbOa phase modulator. 





Unlike with pure-cw operation, there are two major 
problems that must be solved to achieve frequency 
stabilization for quasi-cw operation. The first problem 
is the frequency chirp caused by periodic pumping and 
heating of the NdiYAG rod. We measured the chirp 
rate by monitoring the laser power transmitted through 
a 10-cm, high-finesse confocal-interferometer spectrum 
analyzer. The position of the transmitted peak, shown 
in Fig. 2(a), can be measured versus bias voltage on the 
piezoelectric stack of the resonator to yield an accurate 
value of the chirp rate. The measurement showed a 
30-kHz//asec chirp rate that is constant on a pulse-to- 
pulse basis. The chirp can be compensated for, as 
shown in Fig. 2(b), by applying a 2-V/msec ramp voltage 
on the resonator piezoelectric stack. Figure 2(b) shows 
that the residual frequency deviations are 15 MHz. A 
close look at the remrining frequency tluctuations shows 
that they are composed of a reproducible (on a puise- 
to-pulse basis) high-frequency component that is due 
to acoustic ringing of the piezoelectric stack and a low- 
frequency random tluctuation that is caused by the 
circulating water. 

The second problem for quasi-cw operation is that the 
feedback-control signal is not continuously available. 
To solve this difficulty and overcome the frequency 
jitter between pulses and long-term frequency drift, sve 
have developed a special locking systen), shown sche- 
matically in Fig. 3, which employs a novel search tech- 
nique to reset the laser wavelength ti> ;he confocal-in- 



(b) 


Fig. 4, (a) Open-loop frco.uency stability with chirp com- 

pensation .showing frequency fluctuations after chirp com- 
pensation. The lower trace is the laser output power versus 
time, lb) Closed-loop frequency stability showing f.-ctiuency 
variations of less than 200 kHz for the 3.a-msec pulse duration, 
'['he lower trace is the laser output power versus time. 
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Rcfei-ences 


.Crosed-loop measurements shown in Fig. 4(b) demon- 
strate that the frequency stability is enhanced signifi- 
cantly, and the laser-output linewidth is reduced to less 
than 200 kHz. The search and subsequent locking 
system ensures that frequency-stabilized single-mode 
operation is achieved on every pulse. The system harj 
the ability to relocate the lock position even after turned 
off for short periods and has operated continuously for 
many hours. Work is in progress to eliminate t)ie pi- 
ezoelectric ringing and to reduce the laser linewidth 
further. 

In the future, absolute wavelength stabilization may 
be achieved by frequency doubling in warm phase- 
matching LiNbOs (Ref. 14) and by locking the second 
harmonic to a hyperfine component*® of one of the io- 
dine-absorption transitions.' 

For applications in high-resolution nonlinear spec- 
troscopy and in atmospheric wind measurements, a 
short part of the 5-rnsec quasi~cw NdrY.AG output must 
be sliced with a Pockels-cell switch and amplified. We 
have demonstrated a gain of 600 in a double-pass Nd: 
YAG preamplifier. The demonstration experiment 
utilized a double-pass KD*P Q-switch crystal for 
pulse-width selection, followed by a double-pass 4- 
mm-diameter amplifier rod pumped by a pulsed 
llashlamp. The high gain and reasonable energy stor- 
age of Nd:Y.AG is an important advantage for the 
laser-amplifier system. We expect to achieve greater 
than 500 mJ of energy in a 1 -ixsec pulse at a 10-Hz rep- 
etition rate following a 6.3-mm-diaraeter saturated final 
amplifier. 

In conclusion, we have demonstrated operation of a 
stabilized single-axial-mode NdiY.AG oscillator with a 
frequency bandwidth of less than 200 kHz. The qua- 
si-cw oscillator provides 100 mW of power for a 5- 
msec-duration pulse at a 10-Hz repetition rate. Further 
reduction in the linewidth, limited by Fourier transform 
and shot-noise considerations, appears possible. The 
frequency-stabilized oscillator, followed by a NdrY.AG 
amplifier, is a nearly ideal, all-solid-state laser source 
for atmospheric wind-velocity measurements by co- 
herent Doppler Ildar, It should also have applications 
in high-resolution nonlinear spectroscopic studies at 
Fourier- transform-limi ted linewidths. 

This research was supported by grants from the U.S. 
•Army Research Office under contract ^DAAG29- 
81-C-00.38, the National ,Aeronautics and Space .Ad- 
ministration under grant NAG T 1 82. and General 
.Motors Research and Development Laboratories. 
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tute of Electro-Optics, Peking, China. 
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APPENDIX B 

6.2 So!id-S<ate i,aser Sourcesfor Remoie Sensing 

R.L. Bycr, T. Kane, J. E9yleslcn, and Sun Yun Lony* 

Stanford University, Ginzton Laboratory, Stanford, CA 943Q5, USA 


U IN TSOOUCTIOK 

Kentoce sensing with laser sources !us cade trcsr.endous strides during the 
past decade. The progress has buen paced, however, by the slow developmcoc o£ 
the high power, narrow bandwidth, tunable laser sources required as ctanscictera 
fur DIAL and coherent detection Dethous. Only recently, witii the dtveiopr.cnt of 
Nd:YAC pu-Tiped dye and parametric oscillator scuvcec h^as near lisrrered anc ultra- 
violet sieasureoent syscecus been deuiunstrated. 

This paper sucunariies recent progress In solid state lasers that utliige 


the slab geometry with a zig-zag optical 
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Fljjyia 1. 

3--duoinetry showing a;iis of the slab. 

b“-Schcai4C Ic of t!>e laser resonator 
with Brewster angle slab and zig- 
zag optical pat!'.. 

c — End view of the slab holder showing 
fiat:hljinp position wlchit'. the non- 
lauging flashlamp reflector structure 
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path as iiiustraccd in »flg. 1. 

The slab coni: .Igurst ion solid state laser 
approach first proposed and Investigated 
dt General Electric^ is-is been urvJcr 
development in our lauoracoty for tht: • 
past three years. Elah gvotuctry lasers 
offer a number of Important advantages 
over the conventional rod geometry 
lasers. These advantages include the 
elimination of stres.s induced blre-> 
Erlngance and chcrsiaJ and stress Induced • 
focvislng, and hlgh.er average output 
powur limited only by stress Induced 
fracture of the glass or cryscalline 
laser host material. Thu progress i.n 
slab HdrCIass and Nd:YAG lasers is 
discussed In Section II. 

Coherent detection ot wind velocity 
by Doppler veloclmeiry has now been 
established as a viable (neasurement 
approach at the CO^ laser Infrared 
wavelength range. 7 Wc have undertaken 

:o-Optlcs Institue, Peking, China. 
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lu y li.liY.v; l.iaor bociice for cclieiOMt uljid vcioolly 

cj,:.,buH2ioi,Ib J1 ;.U0 i.m. 11 ,^- N.iri.YG iour^o otlots tl.o ('.01011110! jUoJiltal.ci 
ooiiiort-J Lo i:u^ iij-jod bybtocr. ol oi.iro th.in two orders of mognitode lorger bJok- 
sootrct osKif f io ion! , ur-iitovod dcpcfi resolution, room temper .u ore silicon diode 
bJ'.,eJ detection .uid J Con.(..lct oli solid stole eOnsl rue 1 1 on . Ibe destijn jnd 
testiUt; of o single treduenoy lid : VAG o.ellijtor is discussed in Section ! 1 I. 


'• i 1 iSi- il?L!!! ST.''.TI UiSty 

A. ;r-t r-.iJuk. 1 1 u;i 

.VoiJ-'-’it sS t f.;o s 1 1'; oe J 30 1 idiTicn i it o3in^ cli»: DIAL technitjutt rcijuitcs <J 
puUc 'd.ioivy lulls, iflc Ijsef buorte. OnJy recrncly. with the Jevclupment of the 

rcbci'-atut liJiVAG souit;c^ luis i J puUe er.crgjcs at 10 Hz repetition rate 
becoor.- cj'e’j i isi b i e . llcwever, the (JJ;YaC puBiped pm tunable parametric 

obciiicior so-sitcc^ hu3 hvvs' ij-aiod CO iO-50 mJ of output energy. The doubled 

i-'-.u-i 0 .,? Jve tiiouble s.>urce has ouipuC pui:ie energies up to 200 mJ . For SO^ 

I'-e .j b<i 1 1 . n i. b \n the Gitiavioict, the doubied dye laser output energy is typically 
iO Iheisu energies -i i e adequate lor range rosoived measureiEonts over inter- 

c-edsJtc urigei.. but ate Jii order ot magaUude bciow Che r equ 1 1 ement s for. spice 
bh.-tcU- brii-eJ LJDA.S or DIAL aeabufetuents to 10 kilooieter ijnges. In addition, iron 
a systccf viewpoint, the tunable 0?0 or dye laser is not as eCfldenC or reliable as 


sippl lc.it ions. 


We began uur oiab geociccfy laser devci opmetic effort tliree years ago In 
r-eco •!-. 1 1 Joi. of tiie need for a higher pulse energy, mere reliable tunable source. 
Our ap:iiOj.-h w.ia to tune the gia'.,s laser over Its JOO cm"^ wide bandwidth and to 
cAter-'J it.e tuning lange by i;aruionIc generation and by selective Rama/i shifting.^ 
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uniiig r.snge of Sd:ClJss lase*" 
eiiCe.''*:.! uC i.053 i.m fullowed 
y shifting in gj^es. 

.uii.vuiic geiscratlon lo I.iNbOj 
no car. be used Co extend 

■;e vuveicngih range Into the 
isibie ui'.d ..iltraviolct range 


Figure 1 illustrates the tuning range 
available with just a few Ram.m active 
gases. Harnioiiic generation can be used 
CO extend the failng tunge into the 
ultraviolet ar.d visible spectral regions. 
The tunable MdtClass osc U lator /aoipl i i ler 
source, followed by nonlinear fre<|<»cncy 
extension., cofublncs the higher pulse 
energies getjeraced i<i KdiClass with solid 
state rcliabllUy and system simplicity. 
Tlie key to successful iinpiementat ion lies 
in the application oi the slab geometry 
concept , 

To appreciate the advantages of the 


zig-zag slat teomeiry roach It Is useful to eexpare the pwrlorinance 
1 noitatiotta of rod geometry lasers cc sl.vb geuaietry lasers. To make the ccmpar.tson 
specific we consider the per t'ofmasjce iimit.s of a 13 cm long x b nuc diartetcr 
NdiClass rod lasur and a >3 cm long x o auu thick three-to-one aspect ratio »lab 
UdiClass laser. 

Ihe pertonsance lirucations die surznarized in Table i for Ui'.'.-ti V*>wSphate 
glass. Fhvsphate glass was selected because of its high gain cruss-aect ion in,d 
negative dn/dT wtiich helps to offset tliecmai and stress focusing in the rod l.tser. 


TA'uL E _ \ Rod and Slab Ccosictry L.^ser Design LimiLattons 
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Only aeaign limitation 


la the rod geometry, the stress fracture limit occurs at 3 Hz repeticlon rate . 
at 200 J flashlatip energy or 1000 W of average input power, TliJs stress fracture 
limit was vecliied experimentally by fracturlisg rods of NdiOlass. Stress an-J 
Uicrmai focal iengcljs are +70 cir. and -115 cm at the stress fracture leading limit. 

These tocuslisg effects must be Ci>mpensaced In the design ot the laser oscillator to 
enable near diffraction limited perfoimance. Since the stress 2 nd thermal focusing 
has both radial and tangential cospcnuncs, the focusing is not equivalent to a Icr.s 
but is instead a biaxial focusing eletaenc that cannot be sln>ply cuiapensaccd by an 
additiotial iens.^ 

Finally, at Hi Hz repecicion rate, or lOO W of flashlamp average power, stress 
Induced birefringence Is severe enough to cause a poiarizat.iot» induced phase shift 
of T radians. This in turn inducts a severe loss for iineatiy polarized reson.'toc 
designs that are required tor {^-switching or frequency e.xtension by nonlJncat 
procc;.ses. 

The slab geometry, on the ocher hand, completely eliminates scr«fss Indisccd 
birefringence by slab symn-etry. If a .^Ig-zag optical path is used, then the stress 
and thermal induced focusing is also tlXminaCed. This leaves stress fracture as 
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liu vnly i i :ii I ii ; • hi o'l ttic .r/er.ij;c jn>wt.r ot the hl.»b iiitj 0»ub ou 

:.i; ..-v.ji* .tjiv 4- « i Jktv; vuti'HL jiv)--'.!. !Hci-8 llie tfu-Tfi.il loa.ilfjX iiimt :>ct 

V I r.i' tut • iui;u.,n;v lb JO-a; U toi .III 3 . J non x It ::i.n .< i.in bl-ih- 

^ till. i'.iJtK.;, tlic bl.iii V. ill u{<eCii.o ut up te t lU ropetltiou r.itu <siiJ bture'tip te 
J i ’<£ .utj^.il .i.cii-y .it j,/V. ;C4;fi>;e «t t is: leocy , Clearly the slut jjtroiiict t >• 

M'is'b .1 b : i.;,ii i t Lc uu pe 1 1 oi'i:. itioe li:>pi ovcocn t over the <.iSuol roJ gosim^tcr/ approach. 

b. N)iiUj-js SIjI' t'icjburejieiu 

ll.*.' .jJ-'jut of tiut sleb geociccry have been known for mote chan a 

eC.iJe.i wuly :cv;<.r.ily, however, h.is the luthnolo^y foe fabricating the slabs 
'js.vii.c wuJciv -ivjiljbU;. The sieir.anJs of tiui ioser fusion research effort have 
■ jbhuJ tl:!.: t ,ii. : i .0 1 1 on aiul optical coating technology to the presetit status where 
}..b f j:> : j c.jl 1 ou ib pobsibio at a reJsoiKible cost. 

To tsiK aJv.inc.ige of the sl.ib geoinecry In l^ser system design, we have 

c%ciopLii .1 cotripuli^i juogtjia that calculaLob the thorm.il profile of die slab, the 
.'.'•-jccc bUcbses, '.he sciess induced d ep<) i J r 1 zat lon , and ray traces the zig-zag 
•piicii path, through the slab. Tlie program displays the results and can be used 
-j a.i Ir.cerocclve design tool. 

r> he uuciul the C"in{uitt:r fro.lcl muSC be carefully calibrated and verified, 
o h.i'.i: j- c .supi i bt.c'.l vi: c 1 1 iv.i c ion , where possible, by coin[>jr i son with analytic.il 
..iutiuns to che therm. »l ir.d stress •-‘■|uatlons. However, a test-bod HJrClass sl.ib 
;-ei soutce UMS Jeuigoo.; Jiid constructed to provide Calibration and quant Itaiive 
•rrifieotiun ui the iiii'Oel, I leasuronic nc s using die test-bed laser system have 
erified pr o J i c t i*.o5S of the model and have shown that the slab goOinetry approach 
•us. In piJvCice, provide the projected advantages of elimination of birefringence 
r:J Ji',d stiesS ineoccd focusl'ig. 

l.'e colculaied stresses in tho therraelly loaded slab are an example of die 
.jdei capjbiiity. figure j shows the compression and tension field in die slab 
sSu'.iilhg or.iform pumping oi\ the y faces. From the stress field, th.e dcpolat Izac ion 
jh be calculated and displayed as shown In Fig, 4. Note that tlie peak de- 
jlaticjtiun is predicted to be JJ*; while die average de:>ol ar iz j c Ion over the stab 
tea Is (Sear 3^. Figure 5 shows a plot of pr dieted dcpolar I zat Ion (solid curve) 

:d me.isucs.d depu 1 a i i ca C 1 on (Jots) at 160i) W average I'lashiaoip power lo.^dlng of the 
IJje et-iC*; ! 1 cn t agreement ve'^ified a number of aspects of the model including 
:;c c e I c H : .1 * cd strcas depolar i zo t ion ai-d optical ray tracing along the 

U->iiu; the slab test-brj laser ue hava completeo measurements of gain, energy 
cjrage e r i i c i enc y , put.>ping on i f ormi c y . depo i a r 1 zj 1 1 on , beam divergence and 
uality, thii::-.al indu,ed end effects and coolant effects on focusing, tuning. 
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-Calculated tensional and 
compressional stresses in z 
.pumped gl.iss si. lb .irisuming 
uniform pumping on the y faces. 

4 he slab Is in compressJoe In, . 
the center and tension at tfse 
edges. The tensional stress at. 
the surface eventually le.ids t«> 
fracture of the slab . 
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UI0‘M-2.6!>C THICK'0.260 

CIKCL£ at Slab CLMI£I?. erf CC>L0;^ 0‘;Y<GC« 4.0hJt'l5C-02 

•-e 'jr-c;Gcrircee3 

1.4272Q1C-19 AVG* 5.772tJ/7L-02 5.2l302fC-0l 

C.lculat.;d depoljrizatlan for a p-ar.ped glass slat assuraing 
yolform pumping on the y faces, Ttie roaxim.sn depol,n.r izat Ion Is near 321. .Note 
that over a large region of tl:e slab the depolatizat Ion is insignif leant 


Q~switch oscillator operation, and second harmonic generation,^ 

The test-bed slab laser has oper.ited as a long p»iise oscillator at 3.73J 
storage efficiency, 2.01 slope efficiency and 1.62 u.ili plug efficiency, 
lypical output data for excr.iction from tlie cniite slab vol..iine is st.cu-n in 
fig. 6a. We have used the rest-bed slab laser to verify, by far field dii- 
fraction measurements, that the beam qu.ility of the .slab is diffraction 
limited. Ue have operated a slab glass oscillator using both .an unstaMe 
resonator and a radial birctringenc resonator design.*' Figure 6b shoos 
the output pol . energy fiee running an-j Q-switched for the 6 inn diameter 
oscillacor mode voiumii. 

We plan to follow Che oscillator by a pre-amplifier in the .same slab to gcii- 
nrate 1.2J and by .an amplifier in a second identical slab to generate over bj pe 
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dt S lU repetition rjte. We hjve previously JctnotistrjCcJ tuning over j 
: 1(.K) cis ^ rJc-go with j pilifn be.im cxp.in«lcr .mii gracing. W^; expect efficient 

inc.tr frequency extension via SUC and Rjsian j, •. esses Oiac to the diffraction 
1 l:ni t cd pol j i i acd Output buaa quality, liie UieureLlcai and cxperloental results 
tor the sluL 'j.scr .u« tciiuj prepared for presentation and pub I icat ion . 


, .. . .. 

j .t-vi 4-. :»r OS ,S v.i.i Cn 
1 f .. 1 .• 1... tC'.i f-*'.lt>..4l£ 

I l.k 4'. !. s. 4 J t 



^ - 2ili ^ ^'“l^'edicCcd and tneasured d.e— 

pu i -u i 2 a t ion fur a ouispcd glass 
Siob. The oscillations are 
Cju:>cd by stress v'cetor rotation 
Owi!.;binc<l with tiio rig-sag 
optii.al path through the slab 


i'jtv.ra slab laser research will 
involve Che Cur;pl.'tIon of a Second 

r a 1 1 Oil slob laser system with, more 
ciriciiiic :iashl..Gip puraping, an optiiniaed 
t 1 C kiie :■ s juJ laiproved resonatoc/ 
•ac:pi;M.cr designs. The Improved slab 
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gloSs laser system will be used in 




Cemate sensing aeasu: craenta in the 
I'.c.tc i.;'.lcjred, 

C. Nd:YA(.j Slab baser Measurements 

The slab geouecry can also be 
applied to cr y.std 1 1 iiio • i aset systenis. 

W'e havu Carried out pr«t i::iinary aica_ure- 
aents wl'.h a co lamp puG'ood t^d-YAC stab 
c i i i a i o r . Tlios*.- racasurements have 


Fig ur e 6. 

a— 'Me.isuved long pulse output energy atsd 
•iverago power frooi the test-bed slab 
laser vs input flashlatrp energy a*' 

2.5 Hz rcpeticlon rate. The 1 5tX) W 
average flashlamp pov'.r Is below the 
measured 2000 W stress fracture lioiit 
fur the present B.3 oun x 25 aim x 15 cm 
lung LdG-5 glass slab 
b— -Measured Q-suitclid output energy for a 
b tim, diaoiCter team, unstable rosun.Uor 
usciilator 


shoe:; i.I:a- iJicrmai and stress liiduceij 

Can. be eliminated with tlie zig-zag slab geonetry In Nd:YAC at up tc i kW of 
t i r;,:! 1 average power. Tills level of pumping is uve: six Clmes that typical ly 


used for Q-switched, high power, pulsed lld'.YAG unstable resonator laser' syst>As. 
fhe present pesiping limit Is set by the .'naxlciutn power provided uy our curremiv 
available power supply ana not by the therrral limitacions of the Nd:Y.AG «siab. 

We have also verified that the slab geometry completely eliminates stress- 
indu«-ed birefringence in NdsYAC.^*^ This is imporcar.c .fur applications where N.]:.' 
is to be frequency sliitted by nonlinear processes. Work is continuing un the 
geometry applied to crystalline laser host materials. 

In suramaty, the slab geometry approach offers more than an order of cuagnltu 
improvement in laser performance for both NdrCiass and Nd:Y/\C laser systems, nect- 
m.)del and test-bed loser experlnicnts have verified c}»at the expected itcpcovcmcnts 
are realizable in pr.ictice. 


U la__. SIIICLF FRE Qb^^NCY Md :YAG ObCI SYl'.T^ 

A. Introduction 

The tremendous progress or coherent LIDAS cjoasureiiients at the C0> w.ivolcn>;t 
range^ has sparked an inc«-rcsc In long range depth rcso; ved wind lUe.Js'i t c;nent s u:.i 
Coherent tlP/AH. An e.ximlnjnlon of the Ecasuri.-;ye'.’-.c systet^* s'uows that, there ^re 
advantages to be gained hy using wavelengths shorter Ch.jn 10 pci. These advantu.-. 
include increased backscaccer by more rhnn two orders ot magnitude .tt i pm as 
opposed to 10 pm, improved depth resolution, access to room ter.'ip.T^racute silicon 
diode detectors with avalanche gaini and solid staf.e trans.mltters with demonst rat 
long operational lifetimes ai.d small voiuce and weigtit. The jjrincip-il dilflcuit;. 
in the approach to shorcer wjveltngt.h coherent LiDAK measurements was the tjnkrivv-': 
bandwidth of tljc cransoucter dut* to the unkno-wn thermally induced ch:r» race in 
the solid state laser h.ost material. 


During the past year vc have pursued the design of a single axial oiode Nd:; 
oscillator with the goal of demonstrac ing a frequency stability adequate for wind 
velocity me.isureiuents by Doppler veloclmetry in the atuosphers. 


B. Nd:VAG Oscillator Design 

Onr research efforcs with single frequency Nd:YAC oscillators has clearly 
shown that Nd:YAG is not homogeneously sacarated and Chat special steps such as 
in}i:ction iocking^^ must be taken to insure single mode oper.ition. We a.lso 
learned previously that the Wd:YAi» chirp rate was less than 9 Mliz for pulaed 
I'lavhl.imp excitation. Thus there w.}S a possibility that tlie ciiiip rate »n NJiYAu 
could, in fact, be much less tk.aa H .'Sliz and ch.it lioewidchs of leas than I MHz 
required tor wlsid measurements could be achieved. 

Ue h.ave designed a quasi-cv flashlamp po-^sped , vary shoic cavity, Nd:Y.Ao ir.’l 
mode oscillator source to test the frequency linewidlh limitations. The oscili.** 
is show^l • rhuaiatlcai iy in Fig. 7. The cavity phys'cal lengib is cu*»,. The 




sj j.i I on ot llu- 1 ! 1 -i C u r . 1 I lil-.rooiit ru<[ulrcS ,^0 W jV4;f.»,;.: 

5..<’-.vT int.'> th.: i"i,.a uu 5 ' c i c'..‘ i .S on;, i i J .« lo r tioulJ to 

ivH.a) IV Co .i..!iiovv: tl»v: ;h.' i t o i :n nn . 

li.i: ;Jo:YAt) .It »;:» W of outimt p,>Wcf. Wc h.< .•••* 

.Jor.oiisti itoil .i I 1 1 I 1 c ; wUli 4 s-'*“ uttll^rc*! J n.m 

.Ji i;:.oCc: :uJ;Y.\‘ 4 I-.ii }H>5-.|-iU j-y 1 pui'.cJ t In-.ti 1 . Wc Iiove vcfltlcJ CJuC tl»c Jj:>cl 

i 1 I. : M..t t,i .i.Mji.-nvii b/ fife -.urip 1 1 1 i c C , W*: txpcCS, Itl Ch«i futuXe, to 

o t t I ! .• .n..p I ; t i V 1 1 I I'll Co pij 5 tic o'lf f y 1 i j ol ^ f r.iC c f I li.iu 300 wJ it\ 4 i ftili.ro- 

viji ...- u i-J ill »ci».;tltton coCo In J J od ^oof.u.-try Nd;YAG sysitra. V:i« u c ol 

I lO i'<;< i'i>. k : 'Itiifo nt urJ«i oT fli.iipiiiujo iniiicovcif.cjiC Without Soc r I f 1 < In^j l>c ».m 

I i C >• wj w . J... .1 iIj liny. 

in w ii-Vi- J i : . >n , t r .j C ^ d I il.U J Lin^jic fcuijucticy NujYAC t'SCliljtol 

■ .n o i iu.n li.i-. J i.Jii:o i-ii.j ot JU kHz per uuc ro:»t C‘>ti-J mJ 

: 1 . 1 ; ir^;, li.L)' jt .’Ul/. il.e ^hirp cm h‘£ cA^iiy cotnpcu:>alcd tlm> 

...i • I'l.it ^rc;n. !.;.•/ iC.iijiilty tor wind .'•rlucily .Tit. efiicn C > by Ct»hcl«-iit 

to putiuc clic H.j:YAo source ioiprcverncncs ood to apply the system to 

;r.o f iic i i C Wjud :,tUiii';s. In cVn: fuCUtf, tiioje laser pumped Hd:YAC sources^*' oflcC 

l;c ol nn irlfici.-nt, ion^ t«.rm opur.ition, sp.ict; qualified t r 1 1 er 

lic.c is,: wirid Vtio;.ii.y uit:asurcu.c(;LS . 


Wc h I .c puii.iieu f.*ie stnoy of jd-./.'iii:cu solid state l.isor concepts with tlic 

rc-:.ote Seiisifiij t r .ni :.:ii 1 1 1 c r f equ l r einent s toe luCuru LZDAR systems. 

'ih-- 1 f c n% . sliiiicd, t.mjbie ijl.iss laser source, uslnfi itic slab geometry .ippro.ich^ 

.■li.::;, :;.e •.oien::.!l lot a hiijh pulse energy, high averaqi: power solid state 
crar,L''u::er v^chuul Che need ior. pjrjf'iecric osciilatur or dye laser tunable source. 

The rnrsent StanJard lest-bcd slab laser source has a duslgti goal of 6 J per pulsa 
at D Ha witn greater th.in IX v/.ili plug c f t Ic Ur.cy , Advauc« 2 J .slab glass laser 
deslg.is, sncl. as f.iui s/sCer piu;eOiiy under coinstruct Ion at the Swiss Institute ut *C» >1 

Nncleai Hcteii'ch (ur nieasu: eiiiunt s .it (>.0 wjveleiigtii ot the Lamb sbtCC in the .•{> 
hydr.geii call lor 10 .1 ot output energy at iO Ha r.*peticion rate or S «‘>0 U 

ot ive;.jge output power, t.le.iriy tinse next ge»»eracion laser sources will have a 
ri.ajoi i;nj.a:c tr.e 'unalie LID.'R n.«;.i&u(i;fi<ent cap.it 1 1 m v . . 

!:><: -Je'^ous t : at njii ut a ^niall 'hirp rate in a HdiYAG single axial node 
o-,.!. i 1 l.jt.r p‘;iis tire posiibilily .'or fcipocc wind neasui einunts by coherent LIDAR .k 
I h' .iJv.!'.:t.iges of shwitct vjcoicngth and i:;\ all Solid State traasmtitcr 
t b I 1 i ty ul gl..i>al oi.id field iiie.jsur»:nicnts 1 ri^sn satellite platform?;. 
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6.3 i'’f«{»res!i in l.'.-.scr Siinnvs 

A. Mooratlian, P.F. Motilltm, ami !. 

lincoiii Idboidlory, H.;SLa< (b 
lexirsyton, HA 0?!73. USA 


Substantial proyruss in imlh .u > 
laser sources bas been i!eiiiimslr.il ,• i 
tile lieyelopmeiit .of i.iser re.«ile '.m 
aileyudte ttinairie laser sources. U, 
proytess in tiie ijevelojniieiit of v.ii i 
of use fur both active dn i IMS", i ! 
Uiese sources are trans i I son -mei i ! i 
tor tiiOiie !.iSi*rs in exter.i.i! .',ivi!i. 
yoeiicy co.ivers ion in inftart’il rcniiii. 


Iib'iabie lrans!t!on-Mel.3i !»ii-!!o;nni ' 

iunable lasers usiny transit um 
niedia are likely to bt’Ctiijie iiiy.nirla-n! 
tin; fact that siicii devices are cun' i 
to generate hiyii-peak -uowr output i 
experiments. 

He have been studyiny the prop, i i 
be tuned in the !.6 to ?. 3 i.m w.ivi l. i 
here consists of a i iyu id-ni 1 1 oyi n.i 
pu i seti . (iorina i -mode , ! . 34 - i«i lid : f Al i ■ 
using a 6 X 6 X 27 lun iirewst er -a.uyl • 
7tie laser conf iyurat ion was a simple 
50 cm and the mirror spacing wjs 
laser was excited by the pump and tie. 
limited, ihe input-cutput energy cm 
mirrors with coatings optimized for i 
Fig. 1. Data was taken at a pulse i- 
width well above threshold was - 1 <■, 
1.92-iiia operating wavelength was 4.'. 
losses of the pump focusing lens Ju i 
of the laser crystal showed that apiu 
was absorbed in the crystal. When I' 
late-.! cutpiit y.ijnlura c'liciency (i.r. 
absorbed pump photons) is 79X at Uw 
worth noting that this efficiency wi 
output coupler, an indication that f. 
ta! were extremely small. At a pul •• 
output power was obtained at 1.9? i '. 


*This work was sponso.''ed by the ihpii 
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. REDUCED THERMAL FOCUSSING AN'D 31REFRIMGEHCE 

IN, ZIGZAG SLAB GEOMETRY CHYSTALLI.ME LASERS , 

Vn^Cil^:/iL PA'I^Z jy. 

OF POOR QUAurr 

T J KANE, R C ECKARDT and R L BYER 

ABSTRACT: Replacing Che rod in a Nd:YAG laser with a digzag slab 

resulted in a very substantial reduction of the therm, ally induced 
optical distortion 'without sacrifice of output po'wer or effici- 
ency. This reduction was possible after simple measures were 
taken to eliminate end and edge effects. 

In this letter we present interferometric measurements of the thermally 
induced optical effect,s in laser crystals cut in both the zigzag slab and 
the conventional rod geometries. These measurements confirm the present 
understanding of zigzag slab geometry lasers and demonstrate the significant 
advantage, 3 obtained by replacing the rod in a Nd;YAG laser with a slab, V/e 
describe simple measures to eliminate end and eaga effects and present 
efficiency and threshold data for the S'diYAG slab and the rod it replaced. 

In conventional cylindrical rod solid state lasers, both temperature and 
thermally induced stress change the index of refraction, and the laser beam 
is distorted. The rod becomes a non-uniform multi-wave bire,fringent element 
and a strong and polarization-dependent lens. These effects have been 
thoroughly described and analyzed [1-A]. 

The zigzag slab laser geometry, also known as the total internal reflection 
x'ace pumped laser geometry, was invented by Martin and Chernoch at General 
Electric [5]< This geometry gre.atly reduces the thermal.ly induced optical 
effects in the pumped laser [6,7]- The zi.gzag slab geomeitry is shown 
schematically in Fig. . Focussing is eliminated in the x direct,i.on by the 
uniformity of the pum,ping and cooling in ttiat direction, and in the y 
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Ri;DaCc.D THERMAL FOCUSSING AND BIREFRINGENCE 

IN ZIGZAG SLAB GEOMETRY CRYSTALLINE LASERS 

T J iCAMS, R C ECKARDT and R L BYER 


Oi?!G;i\V;L PajG :y 
OF POOR QUALiTV' 


ABSTRACT: Repiacins; the rod in a Nd;YAG laser ^ith a tigzag slab 
resulted in a very substantial reduction of the thermail'/ induced 
optical distortion v/ithout sacrifice of output power or effici- 
ency. This reduction was possible after sinpie measures were 
taken to eliminate end and edge effects. 


In this letter we present interferometric measurements of the thermally 
induced optical effects in laser crystals cut in both the zigzag slab and 
the conventional rod geometries. These measurements confi.'-m the present 
understanding of zigzag slab geometry lasers and -demonstrate the significant 
advantages obtained by replacing the ."od in a Nd:YAG laser with a slab. We 
describe simple measures to eliminate end and eage effects and present 
efficiency and threshold data for the Nd:YAG slab and the rod it replaced. 

In convent icr.ai cylindrical rod solid state lasers, both temperature and 
thermally induced stress change the index of refraction, and the laser beam 
is distorted. The rod becomes a non-uniform multi-wave birefringent element 
and a strong and polarization-dependent lens. These effects have been 
thoroughly described and analyzed [1-4]. 

The zigzag slab laser geometry, also known as the total internal reflecti'^n 
face pumped laser geometry, was invented by Martin and Chernoch at General 
Electric [5]< This gaometry greatly reduces the thermally induced optical 
effects in the pumped laser [6,7]- The zigzag slab geometry is shown 
sche.maticaily in Fig. 1. Focussing is eliminated in the :c direction by the 
uniformity -of th.e pumping and cooling in t'nat direct icri. and .n the y 
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Table I cont. 


Dace 


Laser Svstem 


Augusc 1982 10cm x .8cm x .4cm 

Nd:YAG 

cw lamp pumped (4kW) 


November 1983 10cm x .8cm x .4cm 

Nd;YAG 

cw lamp pumped (lOkK') 


December 1983 10cm x .Scm x .4cm 

Nd : YAG 

mulciplexed slab amplifier 


Performar.ee 
Sou cw 2% efficier.cy 

200U cw 2% efficier.cy 

30mJ ac 20H"2 
TEMqo mode, single 
axial mode 



TABLE I 


Slab Laser Demoascraced and P’^oiected Perf oraiance 
Scanr'ord universitv 


Nd :Glass 


Dace 


October 1981 


Laser System 

15c.a :< 2.5cai :t .83cin 
3% doped phosphate glass 
fluid cooled test-bed laser 


Pert orTP.anca 


lOJ 2.5H2 1/i efficiency 
25W average power 


October 1982 


IScra :c 2.5cai x .65cn 
8% doped phosphate glass 
heliun conduction cooled 


18J 2Hz 2.3% efficiency 
36W average power 


June 


1983 


30c:[i X icti X .65cai 
8% doped phsophate glass 
heliun conduction cooled 
longitudinal flashlamps 


15 J 5Hz 1.5% efficiency 
75W average power 


December 1983 


30cti X 4cm X .65cai 
8% doped phosphate glass 
heliu-m conduction cooled 
transverse flashlamos 


lOJ lOHz 3% efficiency 
lOOW average po^jer 



over a full 




direction by the averaging of temperature that takes place over a full 
zigzag. The birefringence caused by the thermal stress in a slab is also 
much lower than that of a rod, because the major component of stress 
averages to zero over a full zigtag. Recently we have built and tested a 
zigzag geometry ‘Jeoaymium dopea glass laser, developed a computer model of 
the thermally induced cpttcai effects in slabs, and successfully tasted the 
model [8,9]. 


For the crystal slab tests described in this Latter, we fabricated zigzag 
slabs of ,'id:'fAG and ;id:GGG (Gadolinium Gallium Garnet). The material :!d;GGG 
is of interest because its large change in index of refraction ^^ith 
temperature has been a major reason for its infrequent use in rod geometry 
lasers. In the slab geometry thermal focussing is fully compensated, so it 
is possible to take advantage of the superior crystal growth properties and 
greater resistance to t.nermai fracture of h'djGGG. We achieved stable CW 
operation of the Md:GGG slab, but a meanir.gful efficiency comparison is not 
possible until more highly doped material is available. The WdiGGG and 
■;d:'iAG slabs were tested in a commeroial GW laser system. The laser heaa 
contained a single 5-mm i.nner-diameter k.’'ypoon arc lamp, with 76 millimeters 
of radiating length. A gold coated elliptical cavity focussed the pump 
light into the slab. The slabs were counted from the ends, and two simple 
procedures, described below, were used to approach the ideal slab t.hermal 
boundary conditions. 


To approach the ideal slab limit of zero thermally induced optical 
distortion, it is necessary to avoid cooling the non-raflective edges, and 
thus avoid creating a temperature gradient in the :c direction. We achieved 
adequate insulation by the simple means of attaching silicone rubber to the 
non-reflecting edges of the slab. Dow Corning Sylgard 186, with a thermal 
conductivity of 0.C017 Wact/cm^K lIO] nas d't times higher thermal resistance 
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than Md;YAG, Thus a relativel-/ thin layer- . (about 1 am fon our 4-stm, x 8-rnra 
slabs) offaotlveiy insulated ths surface. 
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The ideal slab appears optically flat in the y direction because all cigtag 
segments have the same average index of refraction. This is not true near 
the ends of a finite slab. V)e observed strong negative focussing in the y 
direction -.vnen the entire slab, including the ends, was pumped. Again, a 
very simple prccedure consisting of slipping opaque tubes over the ends of 
the slab to shield the entrance face from the flashiainp radiation greatly 
reduced the negative focussing. In order to use the pump light efficiently 
while shielding the ends of the slab, it is necessary that the slab be 
longer than Che radiating length of the lamp. Our slab v;as 100 mm from tip 
to tip, though the lamp radiating length was 76 mm. 


The optical quality of the pumped slab was measured with a Macn-Zennder 
interferometer, A 633-nanometer Helium-Meon laser was used as the light 
source. The Iccaticn of eacn fringe was measured on horiscntal and vertical 
cuts through the center of the interference pattern and tne fringe number 
was plotted as a function of dista.nce from the center, A lea.st-square 
fringe-fitting procedure determ.ined t.he focal length of Che pumped slabs anc 
rods and aj.so gave the residual distortion. 

The most complete sec of inter ferogi’ams were taken for the ;Jd:GGG slab. 
Inter ferograms -were recorded for four cases: 1) no thermal insulation and no 
shielding, 2) insulation but no shielding, 3) shielding but no insulation, 
and 4) with both shielding and insulation. Fig. 2 is a reproauction of 
these four inter ferograms at a lamp pumping power of 4.2 kilcwatts . Table 1 
summarises the results for the .'ld:GGG slab. In the x direction, shielding 
and insulation changed Vhe thermal focussing from 1.35 diopters to -0.25 
of the change in the x dir 
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diopters . 


Most 


ection was due to the insulation. 



In the 7 . directten, the- change was from ~2.3'^ diopters to -0.46 diopters, 
with almost all of the improvement due to the shielding. The Md;GGG 
measurements clearly snow that the slab boundary conditions are critical to 
the reduction of theraai focussing. The difference between the focussing 
pov/.er in the two directions, a parameter of key importance to resonator 
stability, was reduced to 5.4T of its origi.ual value. 


^ ?;■ : v r ;; 

Data for the M'.'ikG slab were recorded for the case where bo?!t 

in.sulaticn were in place. The by 8-na slab used had almost the same 

cross-sactionai area as the 6.4-mm diameter rod it replaced, so a cocapariso.u 

i.s possible. The inter fero§."a.ms of the Nd: TAG slab and roa at 4.2 kilowatts 

of lamp power are reproduced in Fig* 3. Table 2 sumaarites the Ud:YAG 

interferometry results, ?cr a roc, the y direction is defined as the 

direction parallel to the polar isatto.n of the probe team. In the y 

direction, the focal power of the slab and roa were ~0.'3 dtopters and 2.71 

diopters respectively. In the x directicn the values were -0.47 diopters 

and 2.31 dicpters . The difference i.d focal lengths is also less for the 


slab, at - 0,27 diopters as compared to 0.40 diopters for the rod. The focal 
lengths of the rod for the two directions differ because the thermal stre.s.s 
creates 'oirefr ingence . The ratio of focal lengths has been calculated for a 
uniformly pumped rod by Xcechner [3j. Our observed ratio of 1.17 is close 
to his theoretical value of 1.2. The t.hermal effects in the slab are well 
described by an elliptical lens, as is shown by the fact tliat the 
root-mean-square deviation from a ellipsoidal surface is no more than 
one-tenth wave at 533 nanometers. 


The output power of the laser was measured as a 
for both the YAG slab and rod and for both au 


In all cases the output 
parameters of a linear 


coupler was a ]C% 
least square fit gave 


function of the lamp power 
itimcde and TrlMoo operation, 
transmitting mirror. The 
the thr-eshoid and the slope 
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effiaiency for each case. Table 3 lists these vaiuss, as well as the output 
power achieved at the maximum lamp input power of 5.1 kilowatts.. The 
nulti-mode slab power was corrected to take into account the fact chat the 
beara was filling only 69 % of the pumped volume. This correction was used 
only for multimode operation and is discussed mors fully later. The slab 
was nearly as efficient as the rod it replaced. The slope efficiencies for 
slab and rod were 2.255 and 2.365 respectively for multimode operation. For 
TE.Moo operation the values were 0.t75 and 0.515. The extrapolated threshold 
for the rod was about 105 more than that of the slab, in both cases. This 
is probably the result of the fact that the zigcag geometry results in the 
path through the slab being 155 longer than the path through the rod, with 
the gain correspcr.dingiy increased. 
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A key factor in the efficiency of a laser is the 
given by the ratio of the volume effectively swept 
total pumped volume. When total laser power 


geometric filling factor, 
by the laser beam to the 
is the only concern, a 


multimode beam may be used, which expands to fill any aperture. 'Jncer these 
conditions the rectangular aperture is not a disadvantage . The 695 filling 
factor used for correcting multimode data was the result of the restricting 
aperture of the slab holder. The pump cavity was designed for rod use and 
it was not possible to access the full rectangular aperture of the slab 
without extensive modif i.caticns . Uo filling factors were used to correct 
data for TEMoo operation. The portion of the slab blocked by the holder was 
outside the Gaussian beam. Similar efficiencies were observed even though 
the slab with 2:1 rectarn^ular cross-section had a smaller filling factor 
than the rod. This is a result of reduced birefringence in the slab. The 
complex pattern of hire fr ingsnce in the rod made necessary a smaller 
aperture to restrict oscillation to the TEMoo mode. 


Slabs 


ratio of 


init 


lally 


w ith 


an aspect 


two have been used because we 



belie-sved tbac dapolar i;.'acicn and non-elliptical. :'octis.3.ir.^ would be severe 

near the edge of the tlab, tnd that the edge region was not useful. This 

was not observed to be the case. The aeasureiaents of depolarization and 

residual distortion described above, as well as recent theoretical worl<, 

show that it is possible to u.se the entire slab aperture- In the future we 

will be reporting on theory and measureoents using slabs with an aspect 

ratio of one. ORfo.w,‘-;li, f ,,u,v. 
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The birefr ingsnce of the pur.ped slab and rod was found by measuring the 
transmittance of 533-nanocecer light through crossed polarizers with the 
pumped slab or rod between the polarizers. Table 1 describes the depolari- 
zation of the GGG slab in oacn of its conf.iguraticns , and Table 2 includes 
data for the ;;d::AG slab anc rod. The GGG data snow that depolarization i.n 
the slab was reauced from 4.-^ to 0.2J when insulation and shielding were 
added. At all pump powers greater than 2 hiicwatts, close to 25^ of the 
633-nanometer lignt passing througn the TAG rod changed polarization. The 
corresponding va.lua for the TAG slao, with snieics and insulation, was O.Z% 


at 4.2 'wilcwatti 


10 newer 


The degree of polarization of tne ;;d:TAG slao laser output was measured for 
both multi-mode ana single transverse mods operation. We used an analyzer 
with an extinction ratio of 'OCO to l and observed only single polarization 
output up to the maximum pump power of 5.1 kilowatts. It was not possible 
to control the polarization of the rod. In the multimode rod case, power 
was present equally in both polar iz.at icns . The single mode rod output was 
905 in one polarizat.ion , but an attempt to control the direction of the 
poianzaticn witn a -rewster plate :'ecucsd the power drastically. 


The same compensation that recuces o,e polar 
slabs also reauce.s dapolarizaCion i.n .s^a.ts 


cation cue to tnermal stress in 
cut from highily stressed crystals 
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or' ?ld:YAG. Often orystais of N'd:fAG shov; unaocepcable bins frin, 3 encs even 
when not punpea , due to stress in the crystal that results from the growth 
process. We obtained two ,';d:'fAG rods that showed depolarisation in stressed 
regions of 17? and 10? respectively, for light of wavelength 633 nanometers. 
These rods were first cut into a slabs with a simple straight-through path. 
Depolarization was reduced very slightly, to 14? and 9?« V/hen the ends were 
cut to allow a zig-zag path with 7 internal reflections, the depolarization 
of eacn was 0.3? or less, for light ‘polarized along the a.xes of the slab. 


'tie conclude that the zigzag slab laser geometry has very significant 
advantages wr.ich are easily available after small modifications to an 
existing MdjYAG laser system. The only disadvantage is a small increase in 
cost due to the more difficult fabrication of the slab and the greater 
amount of JId;7AG which is needed to allow the ends to be unpumped. We 
predict that 'fAG sia.hs will s.hcw si.miiariy reduced thermal focussing and 
birefr ir'.gence up to the fracture limit of the material. The fracture limit 
of a .'Id:‘fAG slao or roc is near 500 ’Watts' of output power from a ' 15 
csnti.mater long crystal. 
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Captions 

Fig 1. (a) The sigr.-ag siad ia.ser geometry, with shields and insulation, 

(b) Ray path through the cigcag siao. Cote that .slabs with an odd numoer 0 ; 
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total internal relactions are possible, and in that case the end faces are 
not parallel, 

rig. 2, Inter ferograms of the MdiGCG slab pumped at 4.2 kilowatts cw 
power, showing the importance of end and edge effects. (a). Mo edge 
insulation, no end shields, (b) Edge insuiatica, but no end shields, (c) 
End shields, but no edge insulacicn. (d) Edge insulation and end shields. 

Fig. 3- Inter ferogracis of Md.-YAG rod and slab pumped at 4.2 kilowatts cw 
show substantial aavantages of tigzag slab geometry. 


TABLE I 


Effects of Shields and Insulation on Focal Power 
and depolarization for Nd;GG6 Slab at 4.2 Kilov/atts 


Shields 

No 

Yes 

No 

Yes 

Insulation 

No 

Yes 

Mo 

Yes 

Focal Power X 

1.35 

1.05 

-0.54 

-0.25 

(Diopters) y 

-2.34 

-0.40 

-2.82 

-0.46 

Depolarization 

(percent) 

4,5 

0.5 

1.5 

0.2 



TABLE n 


Focal Power, Distortion and Depolarization 
for Nd:YA6 Slab and Rod at 4.2 kW 



Direction 

Slab 

Rod 

Focal Power 

. X 

-0.47 

2.31 

(Diopters) 

Y 

CO 

o 

i 

2.71 

Residual Distortion 

X 

0.03 

0.16 

(HeNe Wavelengths) 

Y 

0.10 

0.36 

Depolarization 


0.2 

25.0 

(percent) 

L 







TABLE III 


Threshold, Slope Efficiency and 
Power for Nd:YAG Slab and Rod 




Threshold 

(kilowatts) 

SI ope 

Efficiency 

(percent) 

Output, lamp at 
5.1 kilowatts 
(Watts) 

Multimode 

Slab 

1,55 

2.25 

83 

Rod 

1.70 

2.36 

88 

00 

Slab 

2.03 

0.47 

13.0 . 

• 

Rod 

2.25 

0.51 

13.8 
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